Increased induction of interleukin 8 (IL-8) and intercellular adhesion molecule 1 (ICAM-1) by oral epithelial cells may play a role in the host defense mechanism in oropharyngeal candidiasis; however, little is known about the expression feature of these molecules on human gingival epithelial cells (HGECs) during Candida albicans infection. In this report we present evidence that neutralization with antibody against ICAM-1 inhibited both the adherence of C. albicans to HGECs and the Candida-induced production of IL-8, suggesting a role for ICAM-1 in recognition and signaling in HGECs to express IL-8 upon infection with C. albicans.
Increased induction of interleukin 8 (IL-
Oral candidiasis is associated with significant morbidity (19) and may predispose severely immunocompromised patients to invasive disease (6) . In recent years, the emergence of human immunodeficiency virus infection and the frequent use of immunosuppressant therapy have led to a sharp increase in the incidence of oral infections caused primarily by Candida albicans (10, 22, 23) .
In oral microbial infection, induction of a neutrophil chemoattractant, interleukin , and the adhesion molecule intercellular adhesion molecule 1 (ICAM-1) by oral epithelial cells may play an important role in recruiting and retaining neutrophils (12, 14) . ICAM-1 is known not only as a cell-cell adhesion molecule (29) , but also as a receptor on cells for microbial pathogens (1, 9, 11, 27, 30) . Furthermore, ICAM-1 has recently been shown to act as a signaling molecule to transmit outside-in signals in response to the binding of ligands, such as ␤2-integrin (for a review, see reference 16). In addition, cross-linking of ICAM-1 on endothelial cells elevates mRNA and the IL-8 protein (25) . On the other hand, several investigators have reported the existence of surface integrinlike proteins on C. albicans that are antigenically, structurally, and functionally related to the ␤2-integrin (for a review, see reference 13). These observations prompted us to explore the possibility that ICAM-1 plays a role in mediating C. albicans and human gingival epithelial cell (HGEC) interaction to transmit outside-in signals to induce the expression of IL-8.
We used the oral isolate C. albicans ATCC MYA-273, grown in yeast nitrogen base broth (Difco, Detroit, Mich.) containing 250 mM glucose at 37°C for 18 h with shaking at 100 rpm. The cells were separated from the medium by centrifugation at 3,000 ϫ g for 5 min, washed three times with phosphatebuffered saline (PBS), and finally resuspended in fresh keratinocyte basal medium (Clonetics, San Diego, Calif.) for each experiment (20) . Primary HGEC cultures were established from discarded healthy gingival tissues at surgery with the donors' informed consent. Briefly, the tissues were treated overnight with 0.025% trypsin and 0.02% EDTA at 4°C. After trypsin neutralization and washing, the epithelial layer was separated from the underlying connective tissue and HGECs were collected by scraping the epithelial layer in keratinocyte growth medium (Clonetics) (20) . The cell suspension was seeded in plastic tissue culture plates coated with type I collagen and maintained at 37°C in an atmosphere of 5% CO 2 . All experiments were performed with second-and third-passage HGECs.
We first examined by real-time reverse transcription-PCR (RT-PCR) analysis whether HGECs upregulate IL-8 and ICAM-1 expression in response to C. albicans infection. HGECs were grown to confluence in 48-well culture plates. After we changed the medium to fresh keratinocyte growth medium lacking amphotericin B, cells were challenged with 200 l of 10 5 cells of C. albicans per ml of suspension and maintained for 8 h. Total RNA from HGECs was prepared by using an RNeasy Mini kit (QIAGEN, Hilden, Germany), followed by DNase treatment (Ambion, Austin, Tex.). cDNA was synthesized from 1 g of total RNA with Omniscript reverse transcriptase (QIAGEN). PCR amplification and detection of target genes and the internal-control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene were performed by using the ABI PRISM 7700 sequence detection system (PerkinElmer Applied Biosystems, Foster City, Calif.). The primers and probes for IL-8 and GAPDH used in this study are commercially available and were obtained from PE Applied Biosystems. Those for ICAM-1 were designed with the Primer Express software program (PE Applied Biosystems) (5Ј-ACC TCA GCC TCG CTA TGG CT-3Ј, 5Ј-ACA GGA GGT GCT GCA TGT CA-3Ј, and 5Ј-FAM-GCT CTG TTC CCA GGA CCT GGC AAT G-TAMRA-3Ј [where FAM and TAMRA are 5-carboxyfluorescein and 6-carboxytetramethylrhodamine, respectively]). Final quantitation was derived using the comparative threshold cycle method (7) .
When HGECs were incubated with C. albicans, expression levels of both IL-8 and ICAM-1 continually increased as much as 12-and 26-fold, respectively, at 8 h. In contrast, no or slight changes in the expression of these genes were observed over the course of 8 h in the control cultures ( Fig. 1) . Previous reports have shown that C. albicans triggers IL-8 synthesis by oral epithelial cells (5, 26) and stimulates ICAM-1 expression by endothelial cells (8, 21) . We found that C. albicans stimulated the accumulation of mRNAs for IL-8 and ICAM-1 in HGECs, and mRNA accumulation continued to increase until at least 8 h after infection. IL-8 activates neutrophils and monocytes to kill fungal targets (4) . The loss of ICAM-1 in deficient mice significantly impaired the host defense against C. albicans by impairing neutrophil migration and/or phagocyte activation (2) . Presumably, the local expression of both IL-8 and ICAM-1 by HGECs plays a critical role in the host defense against C. albicans.
We found in preliminary experiments using scanning electron microscopy that HGECs exhibited lamellar extensions that were in intimate contact with cell walls of C. albicans germ tubes at 5 h postinfection ( Fig. 2A) . To examine whether the expression of ICAM-1 molecules is associated with the contact site of HGECs with C. albicans, we performed immunocytochemistry experiments.
HGECs were grown on 25-mm-diameter circular glass coverslips coated with type I collagen. When cells reached 50% confluence, cells were challenged with 100 l of 10 4 cells of C. albicans per ml of suspension and maintained for 5 h. Subsequently, samples were washed with PBS and fixed in 2% paraformaldehyde for 10 min. Cells were incubated for 20 min in blocking solution containing 1% bovine serum albumin and 0.1% Triton X-100 and then washed and incubated for 1 h at 37°C with 5 g of mouse anti-human ICAM-1 monoclonal antibody (MAb) (84H10; Chemicon, Temecula, Calif.) per ml in PBS containing 1% bovine serum albumin. To assess nonspecific staining, a mouse immunoglobulin G (IgG) whole molecule (Chemicon) was used at the same concentration as the primary antibody. Cells were then washed and incubated for 30 min at 37°C with fluorescein isothiocyanate-conjugated rabbit anti-mouse IgG (1:100; Sigma), employed to detect ICAM-1. Washed cells were viewed with laser scanning microscopes (model LSM410; Carl Zeiss, Inc., Germany).
Although staining intensities were not significantly different between C. albicans-infected and uninfected HGECs (Fig. 2C and G), we observed that ICAM-1 was concentrated in the region immediately adjacent to the C. albicans cell, so that the germ tubes were outlined by ICAM-1 (Fig. 2G) . Control IgG did not stain the C. albicans-infected HGECs (Fig. 2E) . Similar findings have been reported for C. albicans-infected endothelial cells showing ICAM-1 that has accumulated around a candidal germ tube (8) . Based on these observations, ICAM-1 appears to play a role in the interaction with C. albicans at the contact site. Therefore, we further examined the relationship between C. albicans and ICAM-1 on HGECs by MAb neutralization experiments.
Antiadhesion antibody assay was performed to determine whether C. albicans binds to HGECs via ICAM-1. When HGECs plated on collagen-coated 96-well culture plates were grown to confluence, cells were preincubated for 30 min with 20 g of antibody solution (ICAM-1 or control IgG) per ml. C. albicans was then added at 5 ϫ 10 4 cells per well, and the plates were incubated for 30 min. Subsequently, the cell culture supernatants were removed and washed three times with PBS for 30 s with gentle agitation at 100 rpm to dislodge the loosely adherent yeast cells (20) . The monolayer with the attached yeast cells was fixed in 10% buffered formalin phosphate and Gram stained (24) . Finally, adherent yeast cells were counted under a phase-contrast microscope at a ϫ200 magnification, with the visual field being set in the center of each well.
The antiadhesion antibody assay demonstrated a significant inhibition effect of anti-ICAM-1 MAb on the adhesion of C. albicans to HGECs, reducing overall adhesion to about 67%, whereas control IgG did not significantly affect the adhesion on October 1, 2017 by guest http://iai.asm.org/ (Fig. 3) . Addition of anti-ICAM-1 MAb at a concentration of 20 g/ml in the absence of C. albicans did not effect the expression of IL-8 mRNA by HGECs (Fig. 4) . Although anti-ICAM-1 antibody is known to inhibit T-cell adhesion and immune function (31) , it seems that the anti-ICAM-1 MAb used in this study did not modify the activation of HGECs but inhibited the direct binding of C. albicans with HGECs. Our result supported a previous report that ICAM-1 plays a role in the adherence of C. albicans to pulmonary vascular endothelial cells (34) . In both studies, however, inhibition of C. albicans adhesion to host cells by anti-ICAM-1 antibody was not complete. Some investigators have shown that integrin-like proteins in C. albicans bind to RGD sequences expressed in epithelial cells (13) . Therefore, it is thought that there are C. albicans binding sites other than ICAM-1 on the surfaces of these cells. Nonetheless, our results suggest that ICAM-1 plays, in part, a role in the attachment of C. albicans to HGECs. These observations may explain the preference for candidal adherence to cancer epithelial cells (28) that highly express ICAM-1 (15) . Another study reported that fimbrial binding of Porphyromonas gingivalis to HGECs occurs through ICAM-1 (33) . Other microbial pathogens, such as human rhinovirus (30), coxsackievirus group A (27) , and Plasmodium falciparum (9) , are also able to bind to this molecule. ICAM-1 may partly be involved in the adhesion of a variety of microorganisms to host cells, which likely leads to colonization and/or invasion of the organisms in host tissues. Since our results suggest the binding of C. albicans to HGECs via ICAM-1 and the strong expression of ICAM-1 and IL-8, it is of interest to examine the role of ICAM-1 in signal transduction related to the C. albicans-induced expression of IL-8 mRNA in HGECs. To investigate this possibility, HGECs were precultured for 30 min with 5 to 20 g of anti-ICAM-1 MAb or control IgG per ml and then challenged with 200 l of 10 5 cells of C. albicans per ml of suspension, followed by 8 h of incubation. Total RNA was extracted from each sample, and mRNA levels for IL-8 were determined by real-time RT-PCR analysis. When HGECs were cultured in the presence of more than 10 g of anti-ICAM-1 MAb per ml, increased expression of C. albicans-induced IL-8 mRNA was decreased dose dependently. On the other hand, the expression of C. albicans-in- (Fig. 4) . These results, taken together, suggest that the binding of HGECs to C. albicans through the ICAM-1 molecule induces the expression of IL-8 mRNA, implying that ICAM-1 functions as a signaling molecule after binding with C. albicans to transmit outside-in signals in HGECs. It has been reported that the stimulation of ICAM-1 induces the production of cytokines, such as IL-8 in endothelial cells (25) and IL-1␤ in synovial cells (18) . A signal may be delivered by ICAM-1 to the cells in response to the binding of ligands, such as ␤2 integrin (16) . C. albicans expresses ␤2 integrin-like proteins involved in adhesion and morphogenesis on the cell surface (13). Therefore, it is possible that the ␤2 integrin-like proteins on C. albicans bind through ICAM-1 expressed on HGECs, resulting in the activation of a signaling cascade for the induction of IL-8 gene transcription. However, since the mechanisms involved in the ICAM-1-mediated activation of IL-8 mRNA expression are not clear, further studies are warranted to identify the cascade. Recently, a critical role played by Toll-like receptors 2 and 4 in C. albicans-induced cell signaling pathways has been suggested (3, 17, 32) . In addition to these molecules, we now demonstrate that ICAM-1 can play a vital role in recognition and signaling in HGECs upon infection with C. albicans.
In conclusion, the present study found that ICAM-1 can play a role in the binding of C. albicans and the subsequent induction of the expression of the IL-8 gene in HGECs, which likely contributes to the effective recruitment and activation of neutrophils locally as well as the prevention of disseminated infection. Our study offers a deeper insight into the host cellCandida interaction, which may lead to the development of effective therapeutic strategies. 
